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We synthesize ferromagnetic Co nanowire, and Co/Pd multisegment nanowires encapsulated inside multi-walled carbon nanotubes
CNTs (MWCNTs) by plasma-enhanced chemical vapor deposition (PECVD). High-resolution transmission electron microscopy (HR-
TEM), selected area electron diffraction (SAED) patterns and energy dispersive X-ray spectroscopy (EDS) were used to characterize
the microstructures and elemental analyses of the nanowires. Quantitative magnetization measurements of Co nanowires encapsulated
inside MWCNTs were experimentally established by TEM off-axis electron holography at room temperature. The MWCNTs grew up
to 100–110 nm in diameter and 1.5–1.7 m in length. The typical bright-field TEM images revealed both Co nanowire and Co/Pd mul-
tisegment nanowires encapsulated inside vertically aligned MWCNTs on the same substrate. The composition of metal encapsulated
inside MWCNTs were characterized by EDS. Experimental results revealed that the Co nanowire encapsulated inside MWCNT was
always presented as the face-centered-cubic (fcc) Co structure. The component of magnetic induction was then measured to be 1.2
0.1 T based on TEM off-axis electron holography results, which is lower than the expected saturation magnetization of fcc Co bulk of
1.7 T. The partial oxidation of the ferromagnetic metal during the process and the magnetization direction may play an important role
in the determination of the quality of the remanent states. The ferromagnetic metal nanowires encapsulated inside CNTs demonstrate
very high potential in providing the required magnetic properties, low dimensionality, and small volume for future nanoscale devices.
Index Terms—Carbon nanotubes, holography, magnetic materials, spintronics.
I. INTRODUCTION
E NCAPSULATING CARBON NANOTUBES (CNTs)or carbon nanofibers (CNFs) with foreign materials,
such as metals [1]–[3] and their compounds [4], fullerenes,
metal-including fullerenes [5]–[7] or organic molecules [8], is
highly attractive for the development of nano carbon based ma-
terials with new electronic and magnetic properties. Especially,
aligned metal encapsulated CNTs or nanowire encapsulated
inside CNTs with ferromagnetic metals such as Fe, Ni, Co,
or their compounds have significant potential in high density
magnetic recording media due to their nanoscale size and
strong anisotropic property, leading to small bit size [9], [10].
Moreover, the tube structure provides an effective barrier
against oxidation effect, which significantly influences the
stable magnetization in ferromagnet inside tube.
Encapsulating of Ni [1], Co [2], Fe [3], and FeCo [4] inside
multiwalled CNTs (MWCNTs) has been reported so far and
characterized by transmission electron microscopy (TEM), and
the magnetic properties such as coercivity and saturation mag-
netization have been measured using vibrating sample magne-
tometer (VSM) or superconducting quantum interference device
(SQUID) especially for large amount of samples.
Various ferromagnetic metals have been successfully used
to encapsulate inside CNTs employing mainly two kinds of
methods. One is that CNTs are initially opened the tube tip
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and subsequently filled molten materials through capillary
action or wet chemical techniques. The other one is an in-situ
filling method, where the metals can be filled into the CNTs
by arc-discharge technique or in chemical vapor deposition
systems (CVD) [11].
In our previous study, we failed to encapsulate Co metal
inside the CNTs using only a Co catalyst thin-layer (1–10 nm)
deposited on the Si substrate (Co/Si), as shown in Fig. 1(a).
The Co particle was detached from the Si substrate during
CNT growth and remained at the tip of the growing Co-based
CNTs. On the other hand, however, we found and reported
the Pd nonmagnetic metal encapsulated inside MWCNTs by
a microwave plasma-enhanced chemical vapor deposition
method (MPE-CVD) using CH and H gasses. TEM and
energy dispersive X-ray spectroscopy (EDS) showed that
CNTs were composed of thick cylindrical graphite walls with
Pd metal inside their roots [12]. It should be noted that the
important idea here we used was an introduction of bilayer
catalyst layers using Co and Pd thin-layers deposited on Si
substrate (Co/Pd/Si), as shown in Fig. 1(b), instead of Co/Si to
encapsulate Co nanowire inside MWCNT.
No studies have been made so far on the detailed character-
ization of structure as well as magnetic induction component
of nanowires encapsulated inside MWCNTs. Here, we report
the synthesis of “in-situ encapsulation” of Co nanowire inside
MWCNTs by a MPE-CVD. The detailed characterization of Co
and Co/Pd multisegment nanowires inside MWCNTs was ana-
lyzed with TEM and TEM off-axis electron holography. We, in
particular, chose the magnetic element of Co and Co/Pd multi-
segment in this research because they offer a large magnetocrys-
talline anisotropy, and their nanowires have attracted much in-
terest because of their strong perpendicular anisotropy at the
0018-9464/$25.00 © 2009 IEEE
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Fig. 1. Schematic cross sections of Pd/SiO /Si and Co/Pd/SiO /Si sub-
strates for: (a) Pd and (b) Co/Pd multisegment nanowires encapsulated inside
MWCNTs, respectively.
surface or interface and technologically useful applications to
information storage [13].
II. EXPERIMENT
The Co nanowires inside MWCNTs were grown by bias-
enhanced MPE-CVD using a 2.45 GHz, 1.5 kW microwave
power supply, as described elsewhere [14]. The Si substrate was
cleaned for 1 min using hydrofluoric acid, and the substrate sur-
face was oxidized by an acid solution (H SO :H O ). A
primary 6-nm-thick Pd metal thin-layer and a secondary 9-nm-
thick Co metal thin-layer (Co/Pd: total thickness of 15 nm) were
deposited on the thin barrier layer of SiO formed on Si sur-
face (Co/Pd/SiO /Si substrate), as shown in Fig. 1(b), in order
to prevent the formation of silicide, by a vacuum evaporation
method. The substrate was transferred into a growth chamber.
The feed gas, H , was fed into the chamber to maintain a pres-
sure of 20 Torr. The substrate was gradually heated up to 973 K
by a radio-frequency graphite heater, and a microwave plasma
was turned on to 600 kW. Subsequently, the feed gas methane
(CH ) was introduced, and the H gas flow rate was adjusted to
achieve a CH :H ratio of at a total pressure of 20 Torr. The
Co nanowire inside MWCNTs were grown for 15 min under a
negative bias of 400 V at that preset temperature.
The Co nanowire inside MWCNTs were observed using a
Hitachi S-300 scanning microscopy and a JEM-2010F analyt-
ical electron microscope (AEM) with a thermal Schottky field-
emission-gun electron source at 200 keV was used. This AEM
is capable of forming an electron probe with a diameter of ap-
proximately 1 nm, and it provides elemental mapping analysis in
the scanning-TEM (STEM) mode. X-ray spectra were obtained
using a Noran energy-dispersive X-ray spectrometer (EDS) with
an ultrathin window. Quantitative magnetization measurements
of metal nanowires encapsulated inside MWCNTs were per-
formed by using both VSM and TEM off-axis electron holog-
raphy. TEM electron holography provides information about the
magnetic characteristics of individual nanowires.
III. RESULTS AND DISCUSSION
TEM observations revealed that both Co nanowires encap-
sulated inside MWCNT and Co/Pd multisegment nanowires
in tip region of bamboo-like MWCNT on the same substrate,
as shown in Fig. 2. The MWCNTs grew up to 100–110 nm in
Fig. 2. Typical TEM bright-field image of Co/Pd multisegment nanowires.
(a) Co/Pd multisegment nanowires and (b) Co nanowire filled inside MWCNT
during growth of MWCNTs by MPE-CVD method. The Co and Pd areas are
indicated 1 and 2, respectively.
Fig. 3. EDS spectra taken from areas 1 and 2 indicated in TEM bright-field
image in Fig. 2(a).
diameter and 1.5–1.7 m in length depending on growth time. It
is reported so far that the formation of bamboo-like MWCNTs
could be attributed to nitrogen doping during growth, in which
nitrogen atoms are generally bonded to carbon atoms in
pyridine-like and bridgehead-nitrogen types. Therefore,
residual nitrogen may be a nitrogen precursor for the synthesis
of bamboo-like MWCNTs. In both cases, Co encapsulated in-
side MWCNT was always presented as the face-centered-cubic
(fcc) Co structure based on selected area electron diffraction
(SAED) measurements.
Figs. 3 and 4 show the EDS analyses performed at areas 1 and
2 indicated in the TEM bright-field image using 5-nm probe, as
shown in Fig. 2(a) and (b), to identify the composition of the
metals encapsulated inside the MWCNTs. On the basis of EDS
analyses of Fig. 2(a), we have observed mainly strong Co and Pd
signals in the areas 1 and 2, respectively. It should be noted that
the MWCNTs were always filled with Co and Pd multisegment
nanowires at the tube top region and the bottom of Co nanorod,
respectively. Fig. 4 shows the result obtained from Fig. 2(b)
probed at the top and the bottom region of the MWCNT. Ob-
viously, only Co signal with small quantity of O was detected.
We have successfully realized “in-situ encapsulation” of aligned
Co magnetic nanowire inside MWCNTs on Co/Pd/SiO /Si sub-
strates during MWCNT growth by MPE-CVD method. The O
Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on March 09,2010 at 23:40:55 EST from IEEE Xplore.  Restrictions apply. 
2490 IEEE TRANSACTIONS ON MAGNETICS, VOL. 45, NO. 6, JUNE 2009
Fig. 4. EDS spectra taken from areas 1 and 2 indicated in TEM bright-field
image in Fig. 2(b).
Fig. 5. Typical HR-TEM image taken at the interface between graphite and fcc
Co from Fig. 2(b). The graphite (002) plane is parallel to the fcc Co (200) plane.
signal indicates that the oxidation to form CoO may cause the
degraded magnetizing resonance.
The detailed analysis of a high-resolution HR-TEM image,
as shown in Fig. 5, shows the lattice constant of fcc Co is
0.3545 nm, [15] and we observed a clear match confirming
that the Co (200) plane is usually parallel to graphite (002).
However, it is noteworthy that the fcc Co nanowires inside
MWCNTs were often polycrystalline. We believe the poor
crystalline of the graphite observed in Fig. 5 and the large
inner diameter of MWCNTs of more than 50 nm is one of the
reasons to promote the polycrystalline structure. Tyagi et al.
reported that the strict relationship between encapsulated Co
and the nanotube was valid for the tubes of inner diameter up to
20 nm [16]. In addition, no particular orientation relationships
between the Co grains were found by using the convergent
beam electron diffraction technique, but further investigation
on the polycrystalline structure is necessary.
We focus on the remnant state of the Co nanowire. TEM elec-
tron holography is a technique that provides the relative phase
shift of the electron wave after passing through the sample [17].
This phase shift is sensitive to the electrostatic potential and the
component of magnetic induction in the plane of the specimen,
Fig. 6. (a) Hologram taken from the Co region of Co/Pd multi-segment nanorod
encapsulated inside MWCNT in Fig. 2(a) and (b) shows color contour map of
the corresponding magnetic component   of the reconstructed phase.
and can be quantitatively evaluated at high spatial resolutions
close to the nanometer scale
(1)
where is a direction in the plane of the sample, is the elec-
tron beam direction, is a wavelength-dependent constant,
is the mean inner potential, is the elementary charge,
, where is Planck’s constant, and is the in-plane
component of magnetic induction perpendicular to and .
Two pairs of holograms were recorded at the same position;
the sample was tilted once by and the normal object lens
was fully excited with a magnetic field of 1 T. The field was
then turned off, and the sample was tilted back to 0 . Finally, a
hologram recording was obtained. Each retrieved phase image
from the two recorded holograms yields a different image of
according to (1). Figs. 6(a) and 7(a) show the holograms
taken from the Co nanorod region as shown in Figs. 2(a) and
1(b), respectively. Figs. 6(b) and 7(b) show the color contour
maps of retrieved from the two holograms as mentioned
above. The magnetic induction goes through the entire inner Co
nanowire region and emerges from the top. Interestingly to note,
the magnetic flux is converged only near the top region.
For the quantitative phase analysis of the magnetic flux on a
magnetic Co region of Fig. 1(b), the Co region inside MWCNT
was approximated by a cylindrical rod with uniform magnetiza-
tion and radius and length 2 at the origin on an - orthog-
onal coordinate system to perform the quantitative phase anal-
ysis of the magnetic flux on a magnetic wire. The cylindrical di-
rection is parallel to the y axis. Based on Beleggia and Zhu [18],
the phase shift for an elongated cylindrical magnet can
be obtained in Fourier space. We evaluated the magnetic induc-
tion with parameters of 1.2 0.1 T, which is lower than
the expected saturation magnetization of fcc bulk Co of 1.7 T.
Based on TEM bright-field image and the EDS, the surface of
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Fig. 7. (a) Hologram taken from the Co nanowire encapsulated inside MWCNT
in Fig. 2(b) and (b) shows color contour map of the corresponding magnetic
component   of the reconstructed phase.
the Co nanowire, especially in case of Fig. 2(b), is uniformly
oxidized from the top to the bottom so that the decreasing diam-
eter shrinks the magnetized core region, and the magnetic signal
is not detected because of the superparamagnetism. Therefore,
the governing factors in the decrease in the magnetic induc-
tion would be the partial oxidation of the Co nanowire during
growth.
IV. SUMMARY
In summary, we have successfully realized “in-situ encap-
sulation” of Co magnetic nanowire and Co/Pd multisegment
nanowires inside MWCNTs by introduction of Co/Pd/SiO /Si
substrate, instead of Co/SiO /Si substrate, during MWCNT
growth by MPE-CVD method. Typical TEM bright-field
image and EDS analyses show that both Co/Pd multisegment
nanowire and Co nanowire encapsulated inside MWCNTs
on the same substrate. For the case of Co/Pd multisegment
nanowires, the MWCNTs were always filled with Co and Pd
multisegment nanowires at the tube top region and the bottom
of Co nanowire, respectively. For the case of Co nanowire, the
MWCNTs were entirely encapsulated with only Co. However,
a further investigation on the structures of Co/Pd multisegment
nanowires and Co nanowire is necessary to identify a “in-situ
encapsulation” mechanism. The Co nanowires show the fcc
structure of confirmed by SAED. The EDS analyses revealed
that MWCNTs were filled with Co nanowire at the tube top and
the bottom end, respectively, from the beginning of MWCNT
growth. Based on quantitative magnetization measurements by
TEM electron holography, the magnetic induction were
determined to be within 1.2 0.1 T, which is lower than that
of fcc bulk Co of 1.7 T. The rapid quenching of Co from high
temperature to room temperature, the shape of Co or the partial
oxidation of Co may play an important role in the reduction of
the magnetic induction . The ferromagnetic metal nanowires
encapsulated inside CNTs demonstrate very high potential in
providing the required magnetic properties.
ACKNOWLEDGMENT
This work is supported in part by Grant-in-Aid for Scientific
Research (B) under Contract 50314084 from the Ministry of
Education, Culture, Sports, Science, and Technology (MEXT),
Japan. The authors acknowledge the use of facilities in the
Research Laboratory of High Voltage Electron Microscopy
at Kyushu University. Y. Hayashi would like to thank Prof.
T. Soga and Prof. T. Jimbo at NIT for useful discussion.
REFERENCES
[1] J. Bao, Q. Zhou, J. Hong, and Z. Xu, “Synthesis and magnetic behavior
of an array of nickel-filled carbon nanotubes,” Appl. Phys. Lett., vol. 81,
pp. 4592–4594, Dec. 2002.
[2] J. Bao, C. Tie, Z. Xu, Z. Suo, Q. Zhou, and J. Hong, “A facile method
for creating an array of metal-filled carbon nanotubes,” Adv. Mater.,
vol. 14, pp. 1483–1486, Oct. 2002.
[3] T. Fujita, M. W. Chen, X. M. Wang, B. S. Xu, K. Inoke, and K. Ya-
mamoto, “Electron holography of single-crystal iron nanorods encap-
sulated in carbon nanotubes,” J. Appl. Phys., vol. 101, pp. 014323-
1–014323-5, Jan. 2007.
[4] A. L. Elías, J. A. Rodriguez-Manzo, M. R. McCartney, D. Golberg,
A. Zamudio, S. E. Baltazar, F. López-Urías, E. Muñoz-Sandoval, L.
Gu, C. C. Tang, D. J. Smith, Y. Bando, H. Terrones, and M. Terrones,
“Production and characterization of single-crystal FeCo nanowires in-
side carbon nanotubes,” Nano Lett., vol. 5, pp. 467–472, Jan. 2005.
[5] K. Hirahara, K. Suenaga, S. Bandow, H. Kato, T. Okazaki, H. Shino-
hara, and S. Iijima, “One-dimensional metallofullerene crystal gener-
ated inside single-walled carbon nanotubes,” Phys. Rev. Lett., vol. 85,
pp. 5384–5387, Jun. 2000.
[6] J. Lee, H. Kim, S.-J. Kahng, Y.-W. Son, J. Ihm, H. Kato, Z. W. Wang,
T. Okazaki, H. Shinohara, and Y. Kuk, “Bandgap modulation of carbon
nanotubes by encapsulated metallofullerenes,” Nature, vol. 415, pp.
1005–1008, Feb. 2002.
[7] D. J. Hornbaker, S.-J. Kahng, S. Misra, B. W. Smith, A. T. Johnson, E.
J. Mele, D. E. Luzzi, and A. Yazdani, “Mapping the one-dimensional
electronic states of nanotube peapod structures,” Science, vol. 295, pp.
828–831, Feb. 2002.
[8] T. Takenobu, T. Takano, M. Shiraishi, Y. Murakami, M. Ata, H.
Kataura, Y. Achiba, and Y. Iwasa, “Stable and controlled amphoteric
doping by encapsulation of organic molecules inside carbon nan-
otubes,” Nature Mater., vol. 2, pp. 683–688, Oct. 2003.
[9] K. Svensson, H. Olin, and E. Olsson, “Nanopipettes for metal trans-
port,” Phys. Rev. Lett., vol. 93, pp. 145901-1–145901-4, Oct. 2004.
[10] N. Y. Jin-Phillipp and M. Rühle, “Carbon nanotube/metal interface
studied by cross-sectional transmission electron microscopy,” Phys.
Rev. B, vol. 70, pp. 245421-1–245421-5, Dec. 2004.
[11] W. Y. Choi, J. W. Kang, and H. J. Hwang, “Structures of ultrathin
copper nanowires encapsulated in carbon nanotubes,” Phys. Rev. B, vol.
68, pp. 193405-1–193405-4, Nov. 2003.
[12] Y. Hayashi, T. Tokunaga, S. Toh, W.-J. Moon, and K. Kaneko, “Syn-
thesis and characterization of metal-filled carbon nanotubes by mi-
crowave plasma chemical vapor deposition,” Diamond Relat. Mater.,
vol. 14, pp. 790–793, Mar.–Jul. 2005.
[13] T. Asai, K. Kuramochi, J. Kawaji, T. Onoue, T. Osaka, and M. Saigo,
“Analysis of microstructures for Co/Pd multilayer perpendicular mag-
netic recording media with carbon underlayer,” J. Magn. Magn. Mater.,
vol. 235, pp. 87–92, Oct. 2001.
[14] Y. Hayashi, T. Tokunaga, T. Jimbo, Y. Yogata, S. Toh, and K. Kaneko,
“Corn-shape carbon nanofibers with dense graphite synthesized by
microwave plasma-enhanced chemical vapor deposition,” Appl. Phys.
Lett., vol. 84, pp. 2886–2888, Apr. 2004.
[15] S. Ram, “Allotropic phase transformations in HCP, FCC and BCC
metastable structures in Co-nanoparticles,” Mater. Sci. Eng. A, vol.
304–306, pp. 923–927, May 2001.
[16] P. K. Tyagi, A. Misra, M. K. Singh, D. S. Misra, J. Ghatak, P. V.
Satyam, and F. Le Normand, “High-resolution transmission electron
microscopy mapping of nickel and cobalt single-crystalline nanorods
inside multiwalled carbon nanotubes and chirality calculations,” Appl.
Phys. Lett., vol. 86, pp. 253110-1–253110-3, Jun. 2005.
[17] W. J. de Ruijter and J. K. Weiss, “Detection limits in quantitative off-
axis electron holography,” Ultramicroscopy, vol. 50, pp. 4269–283,
Aug. 1993.
[18] M. Beleggia and Y. Zhu, “Electron-optical phase shift of magnetic
nanoparticles I. Basic concepts,” Philos. Mag., vol. 83, pp. 1045–1057,
Mar. 2003.
Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on March 09,2010 at 23:40:55 EST from IEEE Xplore.  Restrictions apply. 
